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Low-energy [(1—30)-eV] electron scattering in multilayer films of N2 and CO, and in Ar matrices
containing N2, was investigated using high-resolution electron-energy-loss spectroscopy (HREELS)
and one-dimensional multiple scattering theory. The films were formed by condensing the gases on
a polycrystalline platinum substrate held near a temperature of 20 K. Comparisons of experimental
electron-energy-loss spectra in the range 0—2.4 eV with those generated theoretically indicated that
the former are composed of peaks which result from single and multiple vibrational losses
broadened by multiple phonon losses. The excitation function of the V=1—3 vibrational levels of
ground-state N2 and CO were measured under different film conditions and angles of incidence of
the primary beam. In CO the excitation functions exhibited broad peaks at 2.5 and 20 eV due to the
formation of H and X transient anions, respectively, similar to those previously found in N2 films.
From measurements of the intensity of the fundamental vibrational loss in N2 as a function of film
thickness, the total cross section for excitation of all possible vibrational levels of N2 was found to be
3.3&(10 ' cm at resonance, and the sum of all phonon cross sections was found to be about
5&&10 ' cm .

I. INTRODUCTION

This paper describes an experiment which detects vibra-
tional excitation produced by the impact of low-energy
[(1—30)-eV] electrons on thin diatomic molecular films
(5 —100 A) deposited on a metal surface. The main objec-
tives of this work are to provide a description of low-
energy electron scattering in N2 and CO multilayer films;
in particular, to measure the energy dependence of the vi-
brational excitation processes and to study the role of elec-
tron resonances (i.e., transient negative ions) in populating
the intermolecular and intramolecular vibrational states of
these adsorbed molecules.

Electron resonances are formed by the interaction of a
projectile electron with a target atom or molecule in
which the electron is temporarily captured in the neigh-
borhood of the target. ' Such electron-target coupled
states are abundant in electron scattering from gaseous
atoms and molecules, where their formation is manifested
by the presence of structures in the elastic or irielastic
cross sections. ' ' Depending on their lifetime, the ob-
served structures exhibit experimental widths ranging
from -0.02 eV, due to the instrument's resolution, to
several electron volts. Transient negative ions are usually
divided into two major categories, depending on the state
of the target to which the incident electron attaches. '

Shape or single-particle resonances result from electron
trapping by a potential connected with the ground state of
an atom or molecule, whereas core-excited or "two-
particle —one-hole". resonances are associated with an elec-
tronically excited state of the target. In molecular shape
resonances the temporary binding of an extra electron in a
usually unfilled orbital changes the interatomic forces,
thus initiating nuclear motion. This effect causes an

enhancement in the excitation cross section for all possible
vibrational levels of the ground state. Shape resonances
can therefore be effectively detected by observing large in-
creases in the energy dependence of the vibrational excita-
tion cross sections. Such measurements have revealed the
presence of shape resonances in a multitude of isolated
electron-molecule systems, ' but only recently have these
states been observed in solids and in molecules adsorbed
on metal surfaces. ' We report here a detailed investi-
gation of shape resonances occuring in N2 and CO films
under varying film conditions and scattering angles.

The apparatus and the conditions of operation are brief-
ly described in the next section. The results are given in
Sec. III, where the spectral features in energy-loss spectra
are discussed in terms of the phenomenological multiple
scattering theory formulated in our previous paper" (pa-
per I). Shape resonances are identified as maxima in the
vibrational excitation functions. Attempts are also made
to estimate the magnitude of the total scattering cross sec-
tions. We give a discussion in Sec. III of the relaxation
energies of condensed-phase transient anions and the ef-
fects of electron scattering on photoelectron spectra. Con-
clusions are given in Sec. IV

II. EXPERIMENT

A. Apparatus

The energy-loss spectra, and the energy dependence of
vibrational energy losses are measured by high-resolution
electron-energy-loss spectroscopy. The essential features
of the experiment are the following. A monoenergetic
electron beam emerging from an hemispher1cal mono-
chromator is incident on a molecular film deposited on a
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clean metal substrate; within a well-defined solid angle, a
small portion of the electrons scattered out of the film are
energy-analyzed by an hemispherical analyzer. The metal
substrate is maintained near 20 K by an electrically isolat-
ed mechanical contact with the cold head of a closed-cycle
refrigerated cryostat. This latter is mounted on a welded
bellows equipped with precision adjusting screws. The ar-
rangernent allows XYZ positioning of the sample. The
apparatus is housed in bakeable cryopumped ultrahigh-
vacuum (UHV) system' capable of sustaining working
pressures within the 10 "-Torr range.

The spectrometer is fundamentally similar to instru-
ments employed in many laboratories, but does possess re-
finements which facilitate continuous measurement of
various excitation functions. A scaled diagram of the ex-
perimental arrangement is shown in Fig. 1. The mono-
chromator can be rotated between 14' and 70' from the
normal of the sample and the analyzer is fixed at 45'. En-
ergy dispersion is produced by applying a potential of
about 1 V between two concentric hemispheres (10 and 11,
and 30 and 31 in the figure). Imaging and energy control
of the electron beam is achieved by means of electrostatic
zoom lenses with cylindrical (14—16 and 26—28) and
aperture electrodes (6—8 and 23 —25). The dimensions
and the focusing properties of bath types of lenses were
evaluated according to the analysis given by Harting and
Read. ' The source of electrons is a hairpin thoriated-
tungsten filament (1) incorporated in a Soa-type immer-

ONOCHROMATOR

CRYOSTAT

sion lens' made of aperture 2 and anode 3. In order to
correct electron trajectories perturbed by stray magnetic
and electric fields, three pairs (4, 17, and 25) of mutually
perpendicular deflection plates are inserted in the optics.
Rings 13 and 33 can also modify and deflect trajectories
inside the hemispheres.

Pulses from the electron multiplier (34) are amplified,
shaped, and monitored ith standard counting electronics
coupled optically to a microcomputer. The latter, super-
vised by software packaging, controls the energy of the
monochromator and the analyzer according to three dif-
ferent sweeping modes, and accumulates the correspond-
ing counts by a variety of signal-averaging techniques.
Three modes of operation are possible. Energy losses can
be measured with constant initial or final energy by
sweeping either the analyzer or the monochromator.
Measurements of excitation functions are performed by
sweeping both deflectors simultaneausly while keeping a
constant potential between them. By programming the
second zoom stages (i.e., 18, 19, and 20, and 22, 23, and
24) of the lens system for constant magnification and
focus while keeping the other stages (14, 15, and 16, and
26, 27, and 28) fixed, it is possible to achieve a nearly con-
stant incident current density on the sample and transmis-
sion in the analyzer, over about an order of magnitude
change in the target potential. For more extended energy
sweeps, both stages are simultaneously swept or the first
stage is readjusted between sweeps. Typical currents ar-
riving on the target range from 0.5 to 5 nA for a corre-
sponding overall resolution exteriding from 10 to 30 meV
FWHM (full width at half maximum) of the elastically-
scattered-electron distribution. The incident electron en-

ergy is calibrated within +0.15 eV with respect to the vac-
uum level by measuring the onset of electron transmission
through the film and the onset of elastic reflection from
the film surface.

Gases are introduced through a manifold which is iso-
lated from the main vacuum chamber by an all-metal
bakeable valve. This valve is connected to a tube having
an opening located in front of the cryostat. The sample
inlet manifold consists of two gas- or vapor-inlet tubes
equipped with by-pass and precision leak valves connected
to a small chamber whose volume (180 ml) is precisely
known. This chamber can be evacuated by separate ad-
sorption and ion pumping. The absolute pressure of the
gases or vapors leaked into this chamber can be accurately
measured by a capacitance manometer.

B. Film preparation and characterization

ER

FIG. 1. Schematic diagram of hemispherical electron-
energy-loss spectrometer.

The target metal substrate was cut from a polycrystal-
line platinum ribbon of 0.20 mm nominal thickness 2.0 by
1.0 cm. This material was supplied by the Ventron Cor-
poration with a stated purity of 99.95%%uo. The substrate
was cleaned by resistive heating to temperatures near
l. 500'C. The temperature was monitored with an optical
pyrometer. Heating in oxygen was also possible at a
somewhat reduced temperature (900'C). These treatments
gave energy-loss spectra which were absolutely free from
vibrational energy losses due to contaminating atoms or
molecules. In cases where the ribbon recrystallized in suf-
ficiently large grains, it was possible to further check the
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purity of the surface and the resolution of the instrument
by observing, in the specular beam, the fine interference
structure which has been observed near the energy of the
(01)-beam emergence threshold of the Pt(111) surface. '

The sample gases N2, CO, and Ar were purchased from
Matheson of Canada, Ltd. with a stated purity of
99.9995%, 99.99%, and 99.99%, respectively. They were
used without further purification. These gases, or a mix-
ture of them, were leaked into a small chamber until a
pressure of 0.05 Torr was reached. A calibrated amount
of gas, given by the differential pressure drop and the
known volume, was later expanded into vacuum. Assum-
ing a sticking coefficient of unity it was possible to esti-
mate the number of atoms or molecules which condensed
on the substrate. From this method, described in detail by
Chang and Berry, ' and Madey, ' we estimated the film
thickness using bulk densities. A second approach con-
sisted of measuring the change in work function of the
substrate as a function of gas exposure. From this
method' we determined the time and leak rate required to
produce one monolayer. Using the calibrated values we
estimated the film thickness, assuming no change in stick-
ing coefficient with film growth. The percentage error is
at least better than 40%. Experiments were conducted
from submonolayer coverage to thicknesses- up to 200 A,
in the case of matrices. The latter were produced by mix-
ing small amounts of N2 or CO with Ar in the calibrated
chamber. The percentage volume in the matrices was cal-
culated from the partial pressures of each gas and the ra-
tio of the capillary conductance for different molecular
masses.

The cryostat temperature (14 K) was measured by a hy-
drogen bulb welded around the cold tip. All experiments
reported here were performed at this temperature. Owing
to a temperature gradient between the substrate ribbon
and the cold end of the cryostat, the temperature at the
point of impact of the beam could not be measured pre-
cisely. However, from our ability to maintain solid films
of Nq, CO, and Ar at a constant thickness for hours in a
vacuum of about 5X 10 " Torr, we concluded, by com-
parison with vapor-pressure data, '9 that the film tempera-
ture lay in the (14—20)-K range.

The geometrical arrangement of the film constituents
could be varied according to the deposition rate and the
condition of the metal substrate. Angular distribution
measurements indicated that our films are polycrystalline,
with many of the microcrystals oriented in the plane of
the substrate. Crystals of N2 and CO are known, from x-
ray diffraction ' ' and electron-diffraction measure-
ments, to exist in the a state when grown around 20 K
under reduced pressure. The structure is face-centered cu-
bic with four molecules per unit cell. Both diagonal and
off-diagonal disorder can be present in these crystals.
Owing to the crystalline nature of our films, energy-
dependent variations in the intensity of energy-loss elec-
trons were expected to be related not only to resonances
but also to intermolecular interference phenomena. We
differentiated between structure mused by long-range in-
terference effects and electron resonances by varying the
angle of incidence of the primary beam from 14' to 70'.
At resonance, the additional electron is not characterized

by a well-defined momentum state of the solid, as is the
case for coherently scattered electrons. The resonance en-
ergy is therefore independent of the incidence angle,
whereas interference phenomena depend on the initial
momentum of the electron.

During the experiments periodic tests were made to eri-
sure that the films did not charge due to electron trapping
or space-charge effects in the dielectric. These phenome-
na could be detected by measuring energy shifts in the on-
set of the current transmitted through the films as a func-
tion of time and of primary beam intensity. Sanche,
Bader, and Caron have discussed this type of measure-
ment in detail. For the spectra reported here we verified
that trapped electrons or space charges did not alter the
energy scales by more than 0.1 eV. Electron-beam dam-
age, impurities, and chemisorbtion could have been detect-
ed by observing the appearance of vibrational modes other
than those of the unperturbed target films. Neither time-
dependent (due to electron-beam damage) nor time-
independent extraneous modes were detected in the N2
and CO films and Ar matrices.
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FIG. 2. (a) Energy-loss spectra for 3- and 20-eV electrons in-
cident at 14' from the normal on a 50-A-thick film. The gain
for each curve is referenced to the v =1 loss at 290 meV in the
top tracing. (b) Mathematical simulation of the spectra in (a)
using the theory described in Ref. 11.

III. RESULTS AND DISCUSSION

A. Nitrogen

The energy-loss spectra for 3- and 20-eV electrons in-
cident at 14' from the normal on a 50-A-thick film are
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shown in Fig. 2(a). The vertical gain for each curve or
portion of a curve is referenced to the v =1 peak at 290
meV energy-loss in the top tracing. At an impact energy
of 3 eV the energy-loss spectrum is composed of two over-
lapping series of vibrational levels. For v =1—4, the two
progressions cannot be separated, but for higher vibration-
al losses (u =5—8), sharp peaks become visible on the
low-energy side of much broader and more intense
energy-loss peaks. This type of spectrum has been previ-
ously reported in recent measurements by Schmeisser et
al. ' and by the present authors. The latter found that
the more intense progression exhibited a very small anhar-
monicity (x,co, =0.22 meV), whereas the anharmonicity
of the weaker series was typical of vibrational excitation
of ground-state molecular nitrogen (x,co, =1.79 meV) in
the gas phase. They interpreted the broad peaks as aris-
ing from excitation of vibrational levels of ground-state
N2 accompanied by multiple intermolecular phonon tran-
sitions, but excluded the possibility of multiple vibrational
losses. On the other hand, Schmeisser et al'. ' interpreted

the broad peaks as being due to multiple vibrational
scatterings.

In this section we analyze the spectra in Fig. 2(a) in
terms of the multiple scattering theory developed previ-
ously, " and attempt to reproduce mathematically the ex-
perimental data. Despite the apparent similarity between
the spectra in Fig. 2(a) and those obtained with the same
molecule in the gas phase, two major differences exist:
In the solid, the amplitudes of energy-loss peaks decrease
much less, and their widths enlarge with increasing vibra-
tional quantum number. These differences, which depend
on the primary beam energy Eo, can be explained by mul-
tiple scattering effects.

For a semi-infinite film with large-angle electron
scattering and a potential-barrier transmission coefficient
T = 1 (i.e., no deflection at the surface of the film due to
the inner potential), the total backs cattered current-
density distribution is given by formula (15) in Ref. 11,
I.e.,

Q (E E') ~ Q (E E") Q (E" E')
J(O,E)= —,

' I(O,E')
GO cx —00 CK CX

, E —E"',E"'—E",E"—E'
dE"' dE"+ dE' .

CO OD CX A CX

I(O,E') is the current density for electrons incident at en-

ergy E' on the film, E is the final energy, and E",E"',. . .
are the intermediate energies between collisions.
Q„(E E) is the —scattering probability per unit length
and a is the sum of the total scattering probability per
unit length (i.e., the inverse mean free path). This series
can be interpreted as a sum of partial current-density dis-
tributions, each term representing the contribution to
J(O,E) originating successively from single, double, tri-
ple, . . . , collisions. The scattered intensity in single-
collision gas-phase experiments would be described only
by the first-order term in formula (1). The other terms
represent multiple interactions, which, in a solid target,
necessarily increase the scattered intensity. This qualita-
tively explains the higher intensity of energy-loss peaks in
films compared to that in the gas phase. Furthermore,
the magnitude of this additional contribution depends on
the product of terms composed of the ratio Q„(E E')/a. —
When this ratio is large, the higher-order terms in (1) con-
tribute significantly to the probed intensity. Since peaks
resulting from multiple vibrational losses exhibit less
anharmonicity, they occur at slightly different energies
than the single-loss peaks of the corresponding overtone
frequencies. Because of the many possible combinations
of multiple and single vibrational and phonon losses, the
overall effect leads to an appreciable increase of the width
of peaks attributed to intramolecular vibrations. For ex-
ample, at Eo ——3 eV in N2 films the vibrational peaks
broaden appreciably as a function of vibrational quantum
number. At these energies the ratio Q„(E E')/a is large—
since only vibrational and phonon transitions are energeti-

cally possible. However, when the incident energy is in-
creased to 20 eV many electronic transitions become ener-
getically possible and contribute to the increase of a,
whereas the vibrational excitation probability which con-
tributes significantly to Q, (E E') is sens—ibly smaller
than at Eo ——3 eV. We therefore observe a sharpening of
the vibrational peaks which exhibit. an anharmonicity
characteristic of ground-state N2. I

In order to explain the results more quantitatively, we
calculated J(O,E) according to the procedure described in
Ref. 11 using energy losses taken from the optical spec-
tra ' ' of solid a-N2 and values 'of Q„(E E') and a-
chosen to give the best fit in amplitude, width, and line
shape. When the function Q„(E E') was taken —as the
energy-loss probability per unit length for losses E E'—
corresponding only to vibrational excitation and a as the
sum of these probabilities in addition to an elastic scatter-
ing probability, it was impossible to generate the experi-
mental shapes and widths of the top curve in Fig. 2. In
other words, they could not simply be reproduced by self-
folding the linewidth of the u =1 loss and that of a com-
bination of other vibrational losses, even though we con-
voluted each peak- by a 10-meV FWHM Gaussian to
reproduce the beam resolution. This result could be for-
seen since it is difficult to imagine how, for example, the
19-meV FWHM U = 1 peak could give a width of 90 meV
for v =8 by self-folding. Nevertheless, the calculations
indicated the the broad peaks involved multiple vibration-
al losses.

In subsequent calculations the quasielastic losses (i.e., li-
brational plus translational phonons) of solid a-N2,



6082 L. SANCHE AND M. MICHAUD 30

which are dominated by 4- and 8-meV librational excita-
tions, were considered in addition to intramolecular vibra-
tional losses. Contributions from acoustic phonons, inho-
mogeneous broadening, and combination losses were
neglected. The energies and relative amplitudes of seven
phonon losses were taken from optical measurements to
initiate our calculations. Good fits were obtained for vi-
brational amplitudes close to the gas-phase values at 2.5
eV incident electron energy and a class of distributions of
phonon amplitudes corresponding to a single 8-meV effec-
tive libron normalized to the sum of the phonon ampli-
tudes. The computed result [i.e, J(O,E)] for such an ef-
fective distribution injected in Q„(E E) wit—h vibrational
amplitudes is shown in the upper curve of Fig. 2(b). The
calculation was carried out taking into account 100 terms
(i.e., up to 100 collisions per electron) in expression (1).
The distribution was composed of one libron at 4 meV,
one at 8 meV, and five between 10 and 14 meV, with rela-
tive amplitudes in the ratios 4:2:1,respectively. The total
scattering probability of all phonons was taken to be equal
to 1.5 of the sum of the vibrational scattering probabili-
ties. The relative vibrational scattering probabilities were
chosen close to the experimental values and the sum of
the total fixed at 18% of a. The total elastic probability
was taken to be 54% of a. As seen from comparisons in
Fig. 2, the calculated curve closely resembles the experi-
mental spectrum. Here, no attempt has been made to
reproduce the intensity of the elastic peak, since an un-
known contribution is due to the residual specular reflec-
tivity of the polycrystalline film. Corrections on the
sharp peaks, which appear better resolved in the calculat-
ed curve, could not be made by simply increasing the
probability of librational losses while keeping the remain-
ing characteristics the same. This discrepancy could only
be resolved either by introducing in the calculation,
through the formula (13) in Ref. 11, a smaller transmis-
sion coefficient for the potential barrier, or by splitting
the probability of vibrational losses into vibrational-
librational combinations. The fit of the peak widths is
shown in Fig. 3, where the experimental and theoretical
FWHM's of each energy-loss peak are plotted as a func-
tion of vibrational quantum number. Beyond U =5 the
sharp progression no longer enters into the measurement
of the FWHM and, consequently, a break appears at U = 5
in Fig. 3. It is interesting to note that the ratio, 1.5, of the
sum of all phonons to the sum of all vibrational scattering
probabilities, which seemed essential to adequately repro-
duce the experimental data, is of the same order of magni-
tude as the ratio of about 0.75 found for the sum of the
total rotational to the sum of the total vibrational-
rotational cross sections found for N2 gas. Although
no precise allocation in the magnitude of each librational
mode can be made from our analysis, we note that the
best fits require peak amplitudes much different than
those found in infrared and Raman spectra ' of a-N2.
In conclusion, the broad peaks in the simulated spectrum
for incident energies Eo ——3 eV arise from multiple vibra-
tional losses and the sharper series arise from single vibra-
tional losses. Both series are broadened by multiple libra-
tional transitions, including, possibly, a small contribution
from lower-energy phonon losses.
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FIG. 3. Comparison between the experimental and calculated
widths of vibrational losses v =1—8 shown in Fig. 2.

Librational losses also displace the position of vibra-
tional peaks toward higher energies. From our calculation
we find that the U =1 level is shifted by 2 meV toward
higher energies. Applying this correction, the actual fun-
damental frequency in the solid is 288 meV, which corre-
sponds to the gas-phase value. At other impact energies
a similar shift is observed, indicating that librational
broadening may still play an important role even when
resonance scattering decreases considerably. The calculat-
ed anharmonicity confirms the previous spectroscopic
analysis of the Eo =3 eV spectra, and reveals that within
the precision of the measurements (i.e., +1 meV on peak
position and +0.15 meV on anharmonicity) the vibration-
al well for N2 in the 50-A-thick film is the same as that in
the gas phase.

The energy-loss spectrum at Eo ——20 eV is composed of
only a weak series corresponding to the sharp progression
in the spectrum at Eo ——3 eV. As previously mentioned,
at this primary energy we must take into account, in our
calculation, additional higher-energy losses from electron-
ic excitation which do not appear explicitly in the spec-
trum. Including the latter in a reduces the ratio
Q„(E—E')/a and enhances the amplitude of single over
multiple vibrational losses. As an example, we show the
bottom spectrum in Fig. 2, which has been obtained by
modifying the Eo ——3 eV calculation by reducing the total
scattering probability for v =1 from 9% to 2%%uo of a,
while keeping the relative vibrational amplitudes close to
the experimental values and assuming that 25% of the
collisions are electronic. The total librational and elastic
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scattering probabilities were both fixed at 36% of a. The
line shape and the overall intensity of the theoretical curve
closely resembles the experimental result for Eo ——20 eV.
When contributions to electronic excitation are further in-
creased to 50% or more of a, very slight broadening and
tailing of the vibrational peaks occurs. In other words,
when other higher-energy excitation processes compete
appreciably with librational and vibrational excitation,
multiple losses are not apparent in energy-loss spectra.

Another interesting curve is generated when contribu-
tions to electronic excitation are set equal to zero while
keeping the relative probability of the other parameters
the same as those needed to produce the Eo ——20 eV curve.
In this case the inelastic processes are dominated by libra-
tional losses and the resulting vibrational peaks appear
much broader than those in any of the spectra in Fig. 2.
Experimentally, this situation corresponds to electron
scattering with primary energies in the (5—6)-eV range,
where the collision probabilities for electronic losses are
null and those for vibrational losses are small compared to
the librational and elastic ones. In this range, we do
indeed obserue a much larger broadening of all vibrational
leuels ofground-state Ã2.

Further evidence of the occurrence of multiple scatter-
ing is provided by observing the U =5—8 vibrational lev-
els of Nz in rare-gas matrices. The spectra in Fig. 4(a)
were recorded at Eo ——3 eV for 50-A-thick films of Nq
and 50-A-thick Ar matrices containing 10 and 5 vol%
N2. The vertical gains are referenced to the U =1 peak at
the top of Fig. 3, and the angle of incidence is 14' from
the normal. The horizontal bars indicate the zero level

for each curve. In the matrix the amplitude of the broad
peaks relative to those of the sharp progression decreases
rapidly with a lowering of N2 concentration, . whereas the
amplitude of the weak series is not noticeably altered. At-
tempts to calculate the energy-loss spectra in the matrix
are shown in Fig. 4(b). The simulated curves for 10 and 5

vol% N2 were produced by simply increasing the proba-
bility of elastic collisions by a factor of 10 and 20, respec-
tively, while keeping the other parameters from the pure-
film calculation at Eo ——3 eV constant. We find that the
trend in the relative amplitude of the different progres-
sions is well represented, except for a factor of 2 in the in-

tensity of the 5-vol % curve and a less pronounced
broadening of the peaks. Our neglect of the phonon
modes of the Ar matrix could possibly account for the
major differences. As in the experiment, we find little de-
crease in the amplitude of the sharp progression relative
to the broad series with decreasing N2 concentration.
This result simply reflects the fact that an increase in the
average number of elastic collisions increases the probabil-
ity for the electron to be scattered out of the film between
inelastic events, thus essentially reducing only the proba-
bility of higher-order inelastic processes. This type of
behavior is discussed quantitatively in Ref. 11, where we
derive a simple analytical expression for the backscattered
current density related to single and double large-angle in-
elastic collisions in the multiple elastic scattering regime.

The variation in the integrated current distribution of
each energy-loss peak exhibits approximately the same
general trend as a function of thickness: a linear rise, at
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FIG. 4. (a) Energy-loss spectra for 3-eV electrons incident on
a pure-N2 film (100 at. %), an argon matrix containing 10 vol%%uo

N2, and a similar matrix containing 5 vol% N2. Only losses as-
sociated with the vibrational quantum numbers U =5—8 are
shown. (b) Mathematical simulation of the spectra in (a).

small coverages, followed by a change in slope and a sa-
turation of current intensities at larger thicknesses. For
the broad progression the number of monolayers neces-
sary to produce saturation of the peak height is propor-
tional to the vibrational quantum number. This reflects
the increase in the number of multiple collisions with in-
creasing film thickness. The variation in the integrated
current distribution of the U =1 peak as a function of the
average number of monolayers in the film is shown in
Fig. 5. Since multiple phonon losses are included in the
range of integration, their effect can be considered as tak-
ing part in the elastic collision process. This curve can
then be analyzed in terms of one inelastic scattering prob-
ability combined with multiple elastic scattering. It has
been found, through expression (26) of Ref. 11 applied to
a semi-infinite medium, that the intensity of the inelastic
current, originating from a single inelastic probability in
the multiple scattering regime, was practically constant
over a wide range of values of the elastic probability. The
remark was also made" that the first term in expansion
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(1) for a single-collision-related current can be extended to
include multiple elastic collisions by renormalizing the
sum of total scattering probabilities a. As an example,
the renormalized value of a may be taken, to a good ap-

proximation, as a; (i.e., the sum of the total inelastic
scattering probabilities) when the total elastic probability
is less than 50%%uo of the sum of the total. For higher
values, such as 80% of a, for the sum of the quasielastic
and elastic scattering probabilities, which correspond to
our previous estimates at 3 eV for solid N2, one can calcu-
late" the renormalized a to be equal to 1.17o.;. For our
particular case, this may have the following physical in-
terpretation. If we look at the U =1 peak integrated over
a given energy range, only collisions that either take elec-
trons out of the energy range of integration or out of the
film contribute to a change in the magnitude of the U =1
intensity with thickness. Thus, since quasielastic multiple
scattering is integrated under the U =1 peak in our experi-
ment, only inelastic vibrational excitation and backscatter-
ing into vacuum contributes to the sum of the effective to-
tal collision probability per unit length which produces
the curve in Fig. 5.

With these arguments we may approximate the
behavior of the curve in Fig. 5 by the three-dimensional
formula (6) in Ref. 11 for the current related to a single-

, collision process, and in which a(E) is properly renormal-
ized. For electrons incident at an angle Op from the film
normal with an energy Ep, with the renormalized a(E)
equal to ca; (E), this formula reads

IoQ (rr Oo Od, E—o,E——Eo)I i (Oo, Od, E)= ' 1 —exp
cosOd [ca; (Eo ) /cosOo+ ca; (E) /cosOd ]

cct;(Ep) ca;(E) I.
cosOp cosod

where Od ——~—0 is the analyzed backscattering angle and
E —Ep is the energy loss. For small thicknesses, where
the exponential term in this formula can be represented by
only the first two terms of its Taylor series, we have

IpII ( Op, Od, E)= Q (7T Op —Od, Ep, E——Ep )L
cos8d

i.e., the single-collision intensity becomes directly propor-
tional to the thickness when the average inelastic collision
number [i.e., a;(Eo)L/cosOp+a;(E)L/cosOd] is much
smaller than 1. For large values of L the exponential
term tends, toward zero, giving

IoQ ( 8—Op Ep, E —Eo )
II (Oo, Og, E)=

cosOd [ca; (E p ) /cosOp+ ca; (E)/cosOd ]
1

and a saturation in peak intensity is expected. These two
behaviors are delineated by a region in Fig. 5 where the
slope changes rapidly. This region is characterized by an
inelastic collision number close to 1 and does not neces-
sarily differentiate between monolayer and multilayer re
gimes We can t.ake advantage of this change of slope to
estimate the sum of the total vibrational cross section.
Then, equating the low- and high-thickness behavior of
formula (2) with the approximation a;(Eo)=u;(E) =nQT,
where n is the density of molecules in the solid and Qz is
the total vibrational cross section, we have

Qz ——(1/cnL)[(1/cosOp)+(1/cosOd )]

A value for nL, is obtained by multiplying the number of
monolayers (1.5) deduced graphically from Fig. 5 at the
intersection of the extrapolation of the low- and high-
thickness behavior by the number of molecules in a mono-
layer. We consider a monolayer from the closed-packed
(111) face of the face-centered-cubic crystal structure of
a-N2. ' ' This gives 7.2&& 10' molecules/cm . With
Op ——14', Od =45, and c taken according to our previous
estimate as 1.17, the sum of the total vibrational excita-
tion cross section in the solid at 2 eV is estimated to be

When the scattering of an electron with a molecule
such as N2 is dominated by a negative-ion intermediate
state, the vibrational excitation amplitude depends on the
coherently summed product of Franck-Condon factors al-
lowed between the ground-state N2 and the Nq state, and
those between Nz and the final vibrational states. As
shown by the "boomerang" model and several displaced
oscillator models, the intensity and periodicity of the os-
cillatory structure in the cross section are characterized by
the lifetime and vibrational spacing energy of the inter-
mediate state. Hence, since the oscillatory structure of the
N2 state appears to be similar in the solid and the gas,
we expect vibrational cross sections to be about the same
in both phases. It is therefore not surprising to find the
sum of the total vibrational excitation cross sections for
levels U =1—8 in the gas (i.e., about 7X10 ' cm at
2.5 eV) to be in good agreement with the value of
3.3&(10 ' cm estimated from Fig. 5.
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Contrary to vibrational excitation, which is enhanced at
specific energies, quasielastic losses (i.e., translational plus
librational phonons) appear to maintain a strong scatter-
ing cross section (=5X 10 ' cm ) throughout the entire
(2—20)-eV range. Any dipole excitation would have to
arise via the 2T„ translation modes at 49 —69 cm ' be-
longing to the Pa3 structure of n-N2. Most of these
modes would be destroyed in our Ar matrices since the
barrier-hindering rotation of N2 in solid Ar is only 30—50
cm ' (3.75—6.25 meV). It would then be difficult, if
not impossible, to reproduce the experimental curves by
adding only acoustic phonons from the Ar matrix in the
calculation without injecting higher-energy rotational
modes. We therefore do not expect the 2T„modes to
contribute significantly to energy losses. Hence, it ap-
pears difficult to explain the magnitude of the cross sec-
tion by invoking a dipole mechanism. It is important to
realize that at low impact energies, the exchange and
quadrupole forces as well as the anisotropic part of the
polarization potential can provide an efficient mechanism
for exciting librational modes, despite the short range of
these interactions. Close-coupling calculations ' give
values of about 5)& 10 ' cm for the sum of all rotational
cross sections at 10 eV in gaseous N2. This value is the
same as that obtained for quasielastic losses from our
analysis.

The IIs resonance recorded with film thicknesses of 2,
4, and 8 ML (ML denotes monolayers) at 45' primary
beam incidence in the v =1 decay channel is shown in
Fig. 6. Since N2 has no permanent dipole moment, the in-
elastic scattering cross sections are expected to be very
small below and above the resonance energy. This may
explain the very low. scattering intensities seen in Fig. 6
below about 0.8 eV. Above the resonance energy (i.e.,
Eo &4 eV) the intensity does not drop to near zero level,
possibly because of tailing of the resonance and overlap-
ping with another resonance at 8 eV. The oscillatory
structure which modulates the. broad maximum centered
at 2 eV in Fig. 6 is due to vibrational motion of the two
nitrogen atoms in the anion configuration. The shift of
the first peak in the upper curve from 1.93 eV in the gas
to 1.23 eV in the film determines the value of 0.7 eV for
the relaxation shift. The oscillatory structure of Nz is
not observable below thicknesses of about 2 ML. The
visibility of the oscillatory structure increases until a
thickness of about 8 ML is reached. Referring to Fig. 5,
this latter thickness corresponds to saturation of the U = 1

vibrational peak intensity and, consequently, to conditions
where collisions occurring almost exclusively away from
the metal-solid interface contribute to the measured inten-
sity. Hence, it appears that inelastic scattering near the
metal-solid interface causes the broadening of the oscilla-
tory structure seen in Fig. 6. This broadening may, a
priori, originate from a loss in primary energy resolution
in the film or from a reduction in the lifetime of the nega-
tive ion. This latter effect is usually attributed to a distor-
tion of the centrifugal barrier, ' ' which tends to reduce
the symmetry of the negative ion ' and a screening by the
metal of the long-range single-electron-molecule polariza-
tion potential. ' It is expected to occur predominantly at
monolayer and submonolayer coverages where the attrac-
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FIG. 6. Vibrational structure of the N2 temporary anion for
films composed of 2, 4, and 8 monolayers (ML). The horizontal
base lines on the right-hand side represent the zero intensity for
each curve.

tive potential between the anion and its image in the metal
and the possible exchange with metal electrons primarily
affect the molecular antibonding m' orbital of the anion.

For monolayer experiments the metal-anion interaction
is characterized by a lowering of 0.6 eV in the resonance
position with respect to the multilayer-film value and a
complete disappearance of oscillatory structure. Above 4
ML, the energy of the resonance does not change appreci-
ably (e.g. , by 0.05 eV for the first three peaks upon going
from 4 to 8 ML). Consequently, it seems that, above 4
ML, the image force and the shorter-range exchange in-
teraction with the metal has only a small influence on the
molecular orbital energies of the anion. We can therefore
speculate that contributions to the broadening of the oscil-
latory structure for 8 ML shown in Fig. 6 results from a
loss of primary beam resolution due to fluctuations of po-
tential in the local environment of each molecule. This
would be partly caused by the different orientations of Nz
microcrystals, by the influence of the metal-surface patch
fields into the dielectric film, and by changes in the po-
larization energy of the negative ion due to variation in
the number of polarizable neighbors at different depths.
If formed in the topmost layer, a negative ion has fewer
neighbors and therefore polarizes fewer molecules than
when created in the bulk, where it is completely surround-
ed by neighbors. Its energy is highest at the surface of the
film. Thus the contribution from the polarization energy
in the relaxation shift is only an average value for both
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bulk and surface. This averaging necessarily introduces a
broadening in the width of the vibrational structure of the
anion. Considering these different contributions, the
anion lifetime of 3 && 10 ' sec derived from measurement
of the half width at half maximum of the first vibrational
peak, can only be taken as a lower limit. In any case, this
figure should be considered an estimate since a proper
determination of the lifetime would also require analysis
of the amplitude of the vibrational structure in different
decay channels using a displaced oscillator model.
These models may be more easily applicable to submono-
layer experiments where multiple librational collisions are
significantly reduced. A twice-displaced oscillator model
has recently been used by Gadzuk to estimate the life-
time broadening induced by the metal surface in the ex-
periment of Schmeisser et al 'Fr.om the amplitude of
the vibrational peak, he finds the lifetime of the IIg
state of N2 to be reduced 40% from its gas-phase value
at submonolayer coverage.
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FIG. 7. Line shape and vibrational structure of the N2

( Hg) temporary state for 8-ML films composed of a, disor-
dered N2 crystallites; b, N2 crystallites covered by a film of Ar
having the same thickness; c, Ar covered by a film of N2 crys-
tallites having the same thickness; and d, Ar containing 10
vol%%uo Nz. The negative value of the second energy derivative of
curves a —d on the left-hand side is shown on the right-hand
side. The oscillatory structure which appears modified by the
surrounding medium is due to the nuclear motion of the anion.

Deterioration of primary beam resolution caused by in-
homogeneities of local potentials in disordered crystals of
N2 is exemplified by curves a —d on the left-hand side of
Fig. 7. Each curve represents the excitation function of
the fundamental vibrational level of ground-state N2 in an
8-ML film for (a) a highly disordered N2 film, (b) a film
of N2 covered by a film of Ar having the same thickness,
(c) a similar film of Ar covered by a N2 film, and (d) a
Ar film containing 10 vol%%uo of N2 molecules. All other
parameters are the same as those needed to produce the
top curve in Fig. 6. The lower degree of order in these
films causes the vibrational structure of the anion to be
barely perceivable. In order to demonstrate that these
weak undulations are effectively due to nuclear motion of
N2, the negative value of the second energy derivative of
curves a —d is displayed on the right-hand side of Fig. 7.
Each maximum would correspond to the position of a vi-
brational level N2 if the anion had sufficient time to vi-
brate during its lifetime. During 3&& 10 ' sec, there is
not sufficient time for the nuclear wave function to fully
develop and the oscillatory structure does not truly
represent vibrational levels, even though a strong anhar-
monicity is clearly apparent in curves a and d. According
to the "boomerang model, " changes in the lifetime of
the anion would also influence the relative energy of each
maxima in the doubly differentiated curves of Fig. 7. Ex-
perimentally, -these maxima retain the same relative posi-
tion (within + 0.01 eV) for ordered or disordered films,
providing evidence that the major broadening influences
in multilayer films are essentially due to potential fluctua-
tions.

Since the resonance interaction is most likely to be lo-
calized on a single molecule, we do not expect the
vibrational-librational excitation cross sections to change
appreciably in the different films. The changes in line
shapes and amplitudes are therefore believed to result
from changes in the elastic mean free path (MFP), and
may serve as an example to illustrate how this parameter
can affect electron-energy losses. Its effect is obvious
from formula (2): if Q is constant and the thickness L
much larger than the total MFP, the contribution from
single collisions to the intensity of an energy-loss peak is
essentially inversely proportional to the parameters
ca;(Eo) and ca;(E), which contain in c the elastic col-
lision probability before and after the inelastic encounter,
respectively. As an example, we can discuss the differ-
ences between spectra a and d in Fig. 7. According to
formula (2) the steep decrease in scattered intensity above
2 eV in d would result from a strong increase in the total
scattering probability. In fact, we do find from electron
transmission experiments ' that above 2 eV the elastic
MFP in the solid rare gases is reduced by more than an
order of magnitude. Below 2 eV, elastic MFP's can reach
values as high as 250 A, so that in the (1—2)-eV range,
we observe, as expected, a larger amplitude in curve d
than in curve a and the inverse above 2 eV. Another fac-
tor which probably tends to. diminish the elastic MFP is
the higher disorder in the matrix compared to the pure-N2
film. Over- or under-covering an N2 film with Ar layers
not only changes the amplitude and line shape of the reso-
nance, but also perturbs its vibrational structure, as seen
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in curves b and c on the right-hand side of Fig. 7.
Variation in the resonance profile as a function of angle

of incidence between 15' and 45' from the normal is
shown on the left-hand side of Fig. 8. The data were
recorded in the v =1 decay channel of Nz in a pure film
50 A thick. The amplitudes of the first, second, and third
vibrational peaks of the resonance, measured at incident
energies Eo ——1.2, 1.6, and 1.9 eV, respectively, are shown
as a function of angle of incidence on the right-hand side
of the figure. The distribution for all three peaks has a
maximum around 40, which corresponds to a scattering
angle of 85' between the directions of the primary and
scattered beams.

The IIg state of N2 is formed by adding an electron
in the lowest unfilled ~g orbital of ground-state N2.
Spherical-harmonic expansion of the electron wave func-
tion for that orbital indicates that the angular momentum
of the detaching electron must have a strong d-wave
(l =2) character. For uncorrelated randomly oriented
molecules, the d-wave behavior of the cross section for
various vibrational states of N2 is therefore expected to
show a peak at a scattering angle near 90'. This behavior
seen in Fig. 8 has been previously observed in the gas
phase by Ehrhardt and Willmann in various decay chan-
nels, and by Tanaka et al. in the v =1 channel. For a
range of scattering angles corresponding to a change from
15' to 45' angle of incidence in our experiments, the abso-
lute differential cross section for the v =0~1 transition
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-FIG. 8. Line shape and vibrational structure of the N2
( IIg ) temporary anion for different angles of incidence of the
primary beam (15'—4S' with respect to the normal of a SO-A-
thick film) is shown on the left-hand side. The angular distribu-
tion for the intensity of the first three peaks in the oscillatory
structure, occuring at 1.2, 1.6, and 1.9 eV, respectively, is shown
on the right-hand side.

in the gas changes by about a factor of 2. At 1.2 eV in-
cident energy, we find about the same factor, but at
higher primary energies the maximum near 40' is less pro-
nounced. The d-wave behavior of the resonance also ap-
pears less pronounced at higher impact energies in gas-
phase work, but this is probably due to changes in l-wave
admixture. However, in the solid the effect is more in-
tense and we may conjecture that multiple scatterings
have a tendency to wash out the maximum near 40'. Ac-
cording to formula (2) the angular distribution should be
directly proportional to the differential scattering cross
section, but this relationship neglects multiple collisions,
such as librational energy losses, which can change the
scattering angle before and after excitation of the v = 1

state. It is also possible that the partial-wave content of
the outgoing wave is different in the solid, thus modifying
gas-phase angular distributions. As shown by the calcula-
tion of Davenport et al. , orientating the molecule on a
surface can modify the amplitude and shape of the angu-
lar distributions. In the case of orientated N2 the shape of
the angular distribution is independent of incident direc-

. tion. The intensity maximum occurs at 45' angle of in-

cidence relative to the molecular axis and vanishes with
incidence either on the axis or perpendicular to the axis.

B. Carbon monoxide
0

Energy-loss spectra recorded in 50-A-thick CO films at
a 14' angle of incidence from the normal are shown in
Fig. 9. The curves at the top, middle, and bottom corre-
spond to primary energies of Eo 2.5, 5, an——d 20 eV,
respectively. The insets show the Eo ——2.5 and 5 eV data
when recorded in the specular direction at 45' incidence.
The gain given to each curve or portion of a curve is
referenced to the elastic peak at the top left-hand side of
the figure. The strong enhancement of overtones of the
fundamental frequency at ED=2.5 eV is due to the for-
mation of the ground-state anion with molecular par-
entage II. At 20 eV, overtone frequencies can still be
perceived, possibly due to the formation of another
higher-lying state of CO . The v = 1 peak is also
enhanced by the resonance, but its angular dependence is
different from that of v =2. In going from 14' to 45', the
intensity of the v = 1 peak is increased by a factor of 4, 5,
and 10 at 2.5, 5, and 8 eV, respectively, in comparison
with a factor of 2 for the v =2 level at 2.5 eV. Con-
currently, the elastic beam is about 20 times stronger in
the specular direction. Since the CO molecule, contrary
to N2, possesses a permanent dipole, we must take into ac-
count the additional contribution to vibrational excitation
mainly due to the change of dipole moment with internu-
clear distance. Within the scattering theory of slow elec-
trons by a 1ong-range dipole interaction with ordered
molecules sitting on or forming a reflecting surface, we
expect contributions to the inelastic scattered intensity to
occur only in the specular direction. In the present exper-
iment, however, our films are composed of disoriented
polycrystals. Long-range scattering can therefore occur at
angles other than at 45 incidence.

Off resonance (i.e., at Zo ——5 eV), in the specular direc-
tion, the low intensity of the overtones, in comparison
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FIG. 9. Energy-loss spectra for 2.5-, 5-, and 20-eV electrons
0

impinging on a 50-A-thick CO film. The curves shown in the
insets were recorded in the specular direction. The others were
recorded with a beam incident at 14' from the surface normal.
The gain in each curve is referenced to the "elastic" peak in the
top left-hand tracing.

with the amplitude of the v =1 peak, indicates that the
selection rule AU =1 holds, to a certain extent, and that
multiple collisions of dipolar origin do not contribute sig-
nificantly to the spectra. By comparing the different ra-
tios found experimentally, we can estimate the dipolar
contribution to the inelastically scattered intensity at
Eo ——2.5 eV to be about 50%%uo at 45' and 15%%uo at 14'.
Here, because of the low value of the dielectric constant of
the film, no cancellation of the contribution due to the
component of the dipole parallel to the surface is expected
to take. place, contrary to the case of an isolated molecule
on a metal surface. The amplitude of long-range dipole
scattering should therefore not be strongly dependent on
the orientation of the normal modes of the molecules with
respect to the surface, making a molecular orientational
study based on this particular image dipole selection rule
ineffective.

The general trend of the energy-loss spectrum of CO at
Eo ——2.5 eV is similar to that observed in Nz, but no sharp
progression can be resolved. It is composed of a series of
peaks of increasing FWHM and decreasing amplitude

with energy loss. These peaks exhibit no measurable
anharmonicity. Calculations of the energy-loss spectrum
from multiple scattering theory indicate that they result
from a combination of multiple and single collisions
broadened by phonon losses, as in the case of Nz. Pure ro-
tational excitation measurements in the gas phase yield
even stronger cross sections for CO than Nz in the region
of the II resonance. Here again, if we have a situation
where probabilities of librational excitations can be associ-
ated with rotational cross sections, librations may still b'e
the major contribution to the CO phonon spectrum. Ro-
tational excitation is still strong off resonance in CO
gas. The disappearance of single-loss peaks in the solid
may therefore be due to the overall higher librational en-

ergy loss in CO than in Nz. Another mechanism which
can enhance electron-phonon coupling in CO films is the
interaction of the negative-ion state with the dipole-active
intermolecular or intramolecular modes of surrounding
molecules via long-range Coulomb forces. The conse-
quences of this type of interaction have been described by
a generalization of the Huang-Rhys model and applied,
so far, to interpret x-ray spectra of alkali halides and uv
photoelectron spectra. ' The theory should be appli-
cable to interpret negative-ion —phonon coupling in a
similar manner as for hole-phonon coupling in photoemis-
sion. However, the short lifetime of transient anions
( —10 ' sec), compared to the vibrational period of the
phonons modes (10 ' sec), should reduce the energy
transferred.

Off resonance, the vibrational cross sections decrease,
and multiple vibrational collisions are much less prom-
inent. Phonons become the major energy-loss mechanism.
As explained for Nz, they can cause an unusually large
broadening of the vibrational peaks when they dominate
inelastic processes. This is shown in Fig. 9 where we find
a value of 35 meV for the FWHM of the U =1 level at
Eo ——5 eV (i.e., off resonance), compared to the value of
18 meV at Eo ——2.5. We also note that in the specular
direction at Eo ——5 eV the elastic and U =1 peaks are
much less broadened. These peaks arise mainly from
coherently scattered waves which, necessarily, have little
inelastic multiple interactions with the target. At 20 eV,
phonon broadening also occurs (with a FWHM of about
23 meV for v =1), but multiple vibrational losses are
suppressed by the occurrence of electronic transitions.
The U = 1 —4 peaks in the spectrum at the bottom of Fig.
9 exhibit an anharmonicity (co,x, =3 meV) similar to
gas-phase CO.

The angular distribution of the resonant part of the
scattered distribution depends on the symmetry of the
negative ion. The II resonance in CO has a lower sym-
metry than in Nz which results in a partial-wave expan-
sion for resonant electrons with mainly p- and d-wave
contributions. Owing to interference between these two
waves, the angular patterns and intensities for resonant vi-
brational excitation from orientated molecules are strong
functions of the direction of incidence. Irrespective of
the dipole contribution, we find the strongest enhance-
ment for the overtones near 45', as predicted by theory,
for CO molecules sitting with their axis perpendicular to
the surface.
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The excitation function for u =1—3 measured at a 14'
angle of incidence is shown in Fig. 10(a) along with the
energy dependence of the "quasielastic" peak (i.e., v =0).
Measurements taken at 45' incidence are shown in Fig.
10(b), the inset. The strong increase in the vibrational in-
tensities having a maximum at (2.25+0. 15) eV is inter-
preted as resulting from the formation of a temporary
anion with molecular parentage II. Another broad
"hump" centered around 19 eV is present in all vibration-
al excitation functions. Et probably results from the for-
mation of another transient ion with a resonant electron
having a higher-order angular momentum partial-wave
content. From comparison with the similar isoelectronic
N2 state, the molecular parentage of the solid-phase
anion would be X. A similar resonance has been ob-
served near 22 eV in gaseous CG, but, at the time, the
state was interpreted as arising from many doubly excited
states. As expected, the X state lies at lower energy in
the solid than in the gas phase. Since we do not observe
the oscillatory structure of the gas-phase II anion, it is
difficult to make such energy comparison with the 2.25-
eV maxima.
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FIG. 10. (a) Energy dependence of quasielastic peak (v =0)
and vibrational energy losses ( v =1—3) recorded at a 14' angle
of incidence in a CO film. The broad "humps" in the excitation
functions result from the formation of transitory CO states.
(b) Same as (a) but recorded in the specular direction (i.e., at 45'
incidence). The horizontal bars at the end of each spectrum
denote the zero-intensity baseline.

The small-amplitude sharp peak near 6 eV in Fig. 10 is
present at all scattering angles except in the elastic specu-
lar beam [top curve in inset, (b)]. Hence, it cannot be as-
sociated with the off-specular reflectivity. Its presence in
the U =0 curve indicates that it probably occurs in the
phonon excitation function, which cannot be resolved
from that of purely elastically scattered electrons. From
our multiple scattering calculation, the measured intensity
of the v =0 function in the (4—7)-eV region would be
composed mainly of electrons which have suffered multi-
ple librational losses. Any structure present in phonon ex-
citation functions could therefore be reproduced in all ob-
servable channels, including U =0. In the specular direc-
tion, the amplitude of the wave function is governed by
coherent elastic scattering, and quasielastic effects are
more difficult to observe. A peak around 7 eV in the ex-
citation function of Nz films has been ascribed to a shape
resonance whose symmetry has not yet been determined.
It is possible that a similar state could explain the 6-eV
peak in CO. However, the width of this peak is much
sharper in solid CO (FWHM of about 0.5 eV) than in N2
films (FWHM of about 1.9 eV). On the other hand, sharp.
structure has been observed in the elastic and vibrational
( u = 1 and 2) cross sections of the ground electronic state
of gaseous CO at energies coincident with the u =0, 1,
and 2 levels of the a II state of CO at 6 eV. This feature
was not related to a single-particle shape resonance, but
was rather interpreted as arising from a core-excited reso-
nance produced by the binding of an incoming electron by
the dipole moment (1.38 D) (Ref. 56) of the a II state of
CO. In such a "dipole-dominated" resonance the projec-
tile electron is trapped near the top of the potential well of
the II state, which is highly asymmetrical. Its tem-
porary localization could therefore exert considerable
torque on the CO molecule and efficiently transfer rota-
tional or librational energy. The 6-eV structure in Fig. 10
is therefore likely to be due to the formation of a dipole-
dominated resonance. Structures related to other gas-
phase core-excited resonances were not detected.

The sharp increase near 1 eV in the intensity of the
v =1—3 vibrational levels [Fig. 10(a)] results from the
onset of the nonresonant part of the excitation function on
which the strong maxima at 2.5 eV is superimposed. Al-
though relatively less pronounced in the v =2 and 3 chan-
nels, the nonresonant part of the excitation function,
which contains the dipole and the remaining part of the
short-range scattering contributions, still exists.

The variation in the amplitude of the u =2 excitation
function with coverage is shown in Fig. 11. The approxi-
mate number of monolayers is indicated on top of each
curve. We note four salient features in these curves: the
energy of the II resonance increases up to about 3 ML
and then remains constant, its amplitude increases rapidly
up to about 3 ML, the ratio of the amplitudes of the non-
resonant to the resonant contribution is greater at sub-
monolayer coverage, and the energy onset of the non-
resonant contribution is independent of coverage. The
lowering by 0.7 eV of the II resonance at submonolayer
coverage is attributed to a breakdown in symmetry and
screening of the charge by the metal. Energy derivatives
of the spectra in Fig. 11 did not reveal vibrational struc-
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cules with the negative ion is strong (e.g., if the wave
function of the extra electron strongly overlaps with
neighbors), we may expect the anion to &educe its molecu-
lar symmetry or even lose its identity. A breakdown in
the molecular symmetry of a transient anion will au-
tomatically modify the partial-wave content of the
spherical-harmonic expansion of the resonant electron
wave function. The lower symmetry is most likely to re-
sult in a wave packet containing more spherical harmon-
ics of lower angular momentum. Thus, the extra electron
can tunnel more easily through its centrifugal barrier, and
the energy and the lifetime of the anion are reduced. If
the configuration interaction is small, the energy shift will
result mainly from screening, but its magnitude may de-
pend on the lifetime of the transient state since the polari-
zation of the medium is related to the time of residence of
the electron at a particular molecular site. For short-lived
anions ( & 10 ' sec) the localization time may be too
short to allow complete electronic polarization of the sur-
rounding medium. In this case, the intramolecular relaxa-
tion related to reorganization of the electronic orbital of
the negatively charged molecule may also be incomplete.
Thus, when the lifetime changes from gas to solid, the to-
tal relaxation energy could also be modified via the in-
tramolecular relaxation-energy term. We also note that
when the MFP is small, electrons interact with the first
few layers of the film. Consequently, the contribution of
the polarization energy to the measured relaxation shift is
smaller than that in the bulk due to the reduction of po-
larizable nearest neighbors in the vicinity of the surface.

FIG. 11. Excitation function of the v =2 vibrational level of
CO recorded at film thicknesses ranging from 0.4 to 18 ML.
The strong peak having a maximum near 2 eV is due to the for-
mation of a II state of CO

D. Influence of electron-energy losses in the photoelectron
spectra of multilayer molecular films

ture in the II state of CO . As in the case of N2, we ex-
pect little change in the electronic configuration of the
anion in the solid. The disappearance of the gas-phase vi-
brational structure may therefore arise from fluctuations
of local potentials due to disorder in the films. The vibra-
tional structure of the II state in CO gas is already
broader (0.4 eV) (Ref. 58) than that in N2 gas. Additional
broadening influences in our film may therefore complete-
ly wash out the oscillatory structure.

C. Relaxation energy of transient negative ions

The total "relaxation energy" of a transient negative
ion, or energy difference between the anion energy in the
gas and that in mult&layer solid film, ' ' may be divided
into two components originating from intramolecular and
extramolecular forces. Energy changes due to extramolec-
ular relaxation not only result from the screening of the
negative charge by the polarization of the surrounding
molecules, but also from the influence of the surrounding
matrix on the anion molecular orbital configuration. The
latter shift is similar to the chemical shift observed in
photoemission. If the interaction of surrounding mole-

In a three-step model the emission intensity of pho-
toelectrons from a multilayer film deposited on a metal
surface depends essentially on the transition of an electron
from an occupied molecular state to an unoccupied state
above the vacuum level, on the transmission function of
the photoelectron from the site of creation to the film-
vacuum interface, and, finally, on the reflection coeffi-
cient at this interface. The transmission function is
strongly dependent on the electron inelastic MFP, and we
therefore expect the intensity, energy, and linewidths of
the photoelectron structures to be influenced by libration-
al and vibrational electron scattering. Inelastic MFP's of
the order of a few angstroms, such as those determined
here for N2 and CO, are bound to strongly attenuate the
number of emitted photoelectrons. As an example, we

may cite the results of Lau, Foch, and Koch, who stud-
ied the amplitude of the photoelectric signal from a mul-
tilayer N2 film as a function of photoelectron energy us-

ing a variable-energy photon source. They observed a
strong depletion of the photoelectric yield for a departing
electron of about 2 eV energy in Nz.

Multiple librational and vibrational energy losses by
photoelectrons will necessarily also contribute to the ener-

gy spread of the spectral features in solid-phase photo-
emission. Several mechanisms ' ' have been proposed
to explain the broadening of photoemission lines of con-
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densed multilayer experiments, especially in connection
with the work ' ' in N2 and CO. It appears that the ini-
tial hole lifetime does not contribute to the level width,
and that smearing due to hole-phonon coupling is insuffi-
cient to explain the observed widths. The remaining ex-
planations which seem plausible include site-to-site varia-
tions in local potential, spatial variations in intermolecular
relaxation energies in the vicinity of the surface, ' and
librational and vibrational energy losses. The latter losses
will be particularly effective when low-energy photons are
utilized. They should be considerably reduced in rare-gas
matrix-isolation experiments and may, at least partly, ex-
plain the reduction in photoelectron peak width observed
by Schmeisser and Jacobi in matrix-isolated CO and N2
relative to the condensed multilayer values. Finally, we
note that librational and vibrational losses can shift the
maxima of photoelectron peaks to lower energies and pos-
sibly give values of differences in gas- to solid-phase re-
laxation energies which are too high.

IV. CONCLUSIONS

In this work, we have described some aspects of inelas-
tic electron scattering from solid films composed of N2
and CO molecules. These included vibrational and libra-
tional excitation, multiple scattering effects, and transient
anion formation. Since the total scattering cross sections
involved in the primary energy range of interest (1—30
eV) are high (=10 ' cm ), the target films (=50 A
thick) had to be considered "thick" by the electron beam.
It was therefore necessary to resort to multiple scattering
theory" in order to properly interpret energy-loss spectra.
Despite the limitations imposed on the measurements by
multiple collisions, it was possible to identify contribu-
tions from individual, major energy-loss mechanisms.
Energy-loss spectra were composed of peaks which result-
ed from single and multiple vibrational losses broadened
by multiple phonon losses. Phonon distributions consisted
essentially of librational modes having energies similar to
those found in infrared and Raman spectra, but with
much different amplitudes.

By measuring the excitation functions of intramolecular
vibrational losses over wide energy limits, it was possible
to study the influence of film thickness and order, matrix
isolation, and angle of electron incidence, on the formation
of transient negative ions. In both Nz and CO, the
lowest-energy anion was not appreciably perturbed by sur-
rounding neighbors. The energy of the IIg state of N2
relaxed by 0.7 eV in the solid, but the energy of the
isoelectronic II anion in CO appeared to remain the same
as in the gas. At submonolayer coverage the resonance in-
teraction still dominated short-range scattering, and both
anions relaxed by an additional 0.6—0.7 eV due to in-

teraction with the metal. In addition to the observation of
the II and X resonances in CO films, a sharp peak near
6 eV incident energy in the excitation functions could be
correlated with a core-excited resonance associated with
the dipole field of the II state.

From measurements of the intensity of the fundamental
vibrational loss in N2 as a function of film thickness, the
total cross section for excitation of all possible vibrational
levels of N2 was found to be 3.3&&10 ' cm at resonance,
and the sum of all phonon cross sections was found to be
about 5&10 ' cm . These cross sections were slightly
higher in CO, possibly because of the additional dipole in-
teraction which still contributed to at least 40% of the to-
tal U =1 cross section at resonance (i.e., at 2.5 eV impact
energy) in multilayer films. This percentage was even
higher at submonolayer coverage. The probability of lib-
ron excitation, which appeared to dominate the total pho-
non cross section, remained high throughout the entire
(1—20)-eV range, indicating that a resonance mechanism
is not necessarily needed to strongly excite these modes
(i.e., the short-range exchange and/or quadrupole forces,
as well as the anisotropic part of the induced polarization
potential, can provide an efficient interaction for exciting
librational modes).

In conclusion, we have shown that transient negative
ions can provide an efficient mechanism to enhance
short-range scattering and the intensity of vibrational
overtones, which, in turn, can serve in the derivation of
information on adsorbate bonding geometry, vibrational
relaxation rates, and dissociation energies. On more
fundamental grounds, these anion states may provide a
powerful probe to understand low-energy electron interac-
tions is condensed phases and intramolecular multiple
scattering in large molecules [e.g., multiple scattering res-
onances in Fe(CN)6 complexes j. Since the forces which
produce the electron trapping in an isolated electron-
molecule system are well understood, ' ' ' their modifi-
cation by neighboring targets could provide a link to re-
late some of the abundant knowledge on isolated mole-
cules' ' to that in other phases. This should be particu-
larly important for techniques where low-energy electrons
are involved either as a probe. (e.g. , electron-stimulated
desorption and inverse photoemission) or as a product of
the primary interaction (e.g., photoelectric emission).
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